As a physical model of the surface of cells coated with densely packed, non-crystalline proteins coupled to lipid anchors, we functionalized the surface of phospholipid membranes by coupling of neutravidin to biotinylated lipid anchors. After the characterization of fine structures perpendicular to the plane of membrane using specular X-ray reflectivity, the same membrane was characterized by grazing incidence small angle X-ray scattering (GISAXS). Within the framework of distorted wave Born approximation and two-dimensional Percus-Yevick function, we can analyze the form and structure factors of the non-crystalline, membrane-anchored proteins for the first time. As a new experimental technique to quantify the surface density of proteins on the membrane surface, we utilized grazing incidence X-ray fluorescence (GIXF). Here, the mean intermolecular distance between proteins from the sulfur peak intensities can be calculated by applying Abelé's matrix formalism. The characteristic correlation distance between non-crystalline neutravidin obtained by the GISAXS analysis agrees well with the intermolecular distance calculated by GIXF, suggesting a large potential of the combination of GISAXS and GIXF in probing the lateral density and correlation of non-crystalline proteins displayed on the membrane surface.
I. INTRODUCTION
Biological membranes are vital components of all living systems, forming the outer boundary of cells and organelles. They mainly consist of a lipid bilayer, and various glycosylated membrane proteins facilitate communication and transport between cells and surrounding environments. Many membrane proteins are covalently linked at their C-terminal to glycerophosphatidylinositols (GPIs). 1, 2 In contrast to transmembrane proteins spanning across lipid bilayers, GPI anchors are only integrated into the outer leaflet. In biological systems, GPI-anchored proteins play important roles in various cellular processes, such as membrane trafficking, cell signaling, and cell adhesion. In some lower eukaryotes, such as parasitic protozoa, GPI-anchored proteins are among the most abundant cell-surface proteins and are responsible for cell viability and defense against the host immune system. 3 For example, the variant surface glycoprotein (VSG) densely covers the surface of Trypanosoma brucei, and the parasite evades the mammalian immune system by sorting of VSG on the cell surface. 4, 5 Despite many studies suggesting the importance of GPI-anchored proteins for essential a) Author to whom correspondence should be addressed. Electronic mail:
tanaka@uni-heidelberg.de. cellular processes, there have been no systematic studies that shed light on the lateral correlation between those proteins on membrane surfaces. In our previous account, we incorporated GPI-anchored bovine prion protein (PrP c ) into bilayer lipid membranes on planar substrates (called supported membranes) and investigated the lateral correlation and oligomer formation playing key roles in bovine spongiform encephalopathy with the aid of fluorescence recovery after photobleaching and single dye tracking. 6 In this study, we designed a simple model of the surface of Trypanosoma brucei by coupling noncrystalline neutravidin (NA) proteins to biotinylated anchor lipids. NA is a deglycosylated form of the avidin family that has a strong affinity to biotin with dissociation constant (K d ∼ 10 −15 M). 7, 8 In contrast to commonly used avidin and streptavidin that tend to form two-dimensional crystals on the membrane surface, 9, 10 NA possesses a much lower isoelectric point (pI = 6.3), showing no tendency to crystallize. 7, 11 Here, in order to gain more quantitative insight into the vertical fine structures and lateral correlation between protein molecules on the membrane surface, we used specular Xray reflectivity (XRR), grazing incidence small angle X-ray scattering (GISAXS), and grazing incidence X-ray fluorescence (GIXF). XRR is widely used to reveal fine structures perpendicular to the surfaces for both hard and soft matters by measuring the momentum transfer normal to the sample plane. In GISAXS, the sample is illuminated at incidence angles below or beyond the angle of total reflection, and has been used to gain the structure and form factors in the length scales between 2 nm and sub-μm. 12 Unlike other surface sensitive techniques such as electron microscopy and atomic force microscopy, GISAXS can provide with structural information not only from the vicinity of the surface but also from buried structures underneath. Since the first experiment of GISAXS 20 years ago, the use of GISAXS is rapidly increasing for the study of shape, size, and the lateral correlations of metal islands, 13, 14 semiconductor dots, wires, [15] [16] [17] [18] and block copolymers. [19] [20] [21] [22] [23] In contrast to inorganic nano-particles possessing intrinsic polydispersity, "biological nano-particles" such as viruses and proteins are highly monodisperse. Recently, the correlation of self-assembled tobacco mosaic viruses, a rod-like particle that is 300 nm long and 18 nm in diameter, was determined by GISAXS at the oil/water interface 24 and on lipid monolayer at the solid/liquid interface. 25 More recently, Fukuto et al. characterized the structure of 2D streptavidin crystals on the lipid monolayer using grazing incidence X-ray diffraction. 26 In contrast to diffraction studies on protein crystals, this study focuses on the lateral correlation between noncrystalline NA proteins on the membrane surface by GISAXS.
In addition to XRR and GISAXS, we performed GIXF by illuminating the samples across the critical angle of total reflection. To date, GIXF has mostly been used to resolve the weak depletion of ions at the air/water interface 27 and depth profile of Al impurities in Si wafers. 28 Recently, we demonstrated that GIXF can be used to reconstruct ion concentration profiles in the vicinity of lipopolysaccharide membrane surfaces. 29 In this study, we utilized GIXF for the first time to determine the lateral concentration of proteins from S Kα emission from methionine and cysteine.
Therefore, the combination of XRR, GISAXS, and GIXF would provide a comprehensive view of the electron density profiles perpendicular to the membrane plane, structure and form factor, and lateral concentration of non-crystallized proteins coupled with the membrane surface. The details are described in Secs. II and III.
II. MATERIALS AND METHODS

A. Materials
1-Stearoyl-2-oleoyl-sn-glycero-3-phosphocholine (SOPC) and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(cap biotinyl) (DOPE-biotin) were purchased from Avanti Polar Lipids (Alabaster, AL), and NA from Invitrogen Molecular Probe (Darmstadt, Germany). Unless stated otherwise, other chemicals were purchased from Sigma-Aldrich (Munich, Germany) and used without further purification. Double deionized water (MilliQ, Molsheim) with a specific resistance of ρ > 18 M cm was used throughout this study. The buffer containing 100 mM KCl, 5 mM Hepes, and 1 mM CaCl 2 was adjusted to pH 7.4. The monolayer of SOPC doped with 5 mol% DOPE-biotin was prepared by the deposition of the mixed stock solution in CHCl 3 onto the buffer surface of a self-made Langmuir film balance with a subphase volume of 45 ml. The monolayer was compressed to a surface pressure of π = 20 mN/m at room temperature, corresponding to the area per molecule of 75 Å 2 . 30 In order to couple NA to DOPE-biotin, a 0.5 mg portion of NA in buffer was injected underneath the lipid monolayer to reach the final NA concentration of 11 μg/ml, and the monolayer was incubated for about 5 h to reach equilibrium.
B. XRR, GISAXS, and GIXF experiments
All X-ray scattering and fluorescence experiments were carried out at the beamline ID10B of the European Synchrotron Radiation Facility (ESRF, Grenoble). The samples were irradiated with a monochromatic (λ = 1.24 Å) synchrotron beam (beam width: 1.8 mm, beam height: 80 μm), the film balance was kept in He atmosphere. Figure 1 FIG. 1. The experimental setup and the scattering geometry used for GISAXS, XRR, and GIXF.
represents a schematic drawing of the experimental setup used for XRR, GISAXS, and GIXF experiments.
XRR was measured with a linear detector (Vantec-1, Bruker AXS) by integrating the pixels near the specular plane. After subtraction of the diffuse intensity background (at α f = α i ) the reflectivity was normalized to the incident beam and analyzed using the Parratt formalism 31 with a genetic minimization algorithm implemented in the MOTOFIT software package. 32 For GISAXS experiments, the monolayer sample was illuminated at an incident angle of α i = 0.11
• , which is slightly below the critical angle of total reflection, α c = 0.125
• (beam footprint: 1.8 × 42 mm 2 ). The scattering signal was collected through a Soller collimator and a cross-slit (0.3 × 15 mm
2 ) in front of the linear detector. The GISAXS signal was recorded by collecting the intensity from an off-specular position (q y ≥ 0.02 Å −1 ) with a resolution of δq y ≈ 0.0018 Å −1 . After the background subtraction, GISAXS signal was normalized to the incoming beam. The two-dimensional detector readout in angular coordinate (α f , θ ) can be transferred to a reciprocal space (q z , q y ) map by
where the weak q x -dependence (q x q z ) is neglected. The measured GISAXS signals are fitted by the program FitGISAXS. 33 GIXF measurements were carried out at incident angles α i below and above the critical angle of total reflection, α c = 0.125
• . Here, the penetration depth of the evanescent field depends on the angle of incidence,
X-ray fluorescence signals from elements in the illuminated volume were recorded with an energy sensitive detector (Vortex, SII NanoTechnology) and normalized by the detector counting efficiency. Subsequently, the intensities were normalized by the elastically scattered beam intensity at 10 keV to compensate systematic differences between the experiments. For direct comparison between the experimental results and the theoretically modeled fluorescence signals, the incident angle α i was transformed into the scattering vector component normal to the interface, q z = 4π λ sin α i . In the last step, the fluorescence signals in the presence of monolayers were normalized by the signals from the blank buffer. This procedure avoids artifacts arising from the experimental geometry, such as the size of beam footprint and the fluorescence detector aperture.
C. Calculations of fluorescence intensities for stratified interfaces
Fluorescence intensity I ill (z, α) from an element i at a distance z from the air/water interface at an incidence angle α can be written as,
where S is a proportional constant depending on the physical properties of each element (such as the fluorescence yield and the absorption coefficient) which is scaled out in our experimental system. c i (z) is the concentration of element i at a depth z. The exponential term represents the attenuation of the fluorescence emission between the position z and the detector, where μ i is the linear absorption coefficient for x-ray fluorescence. In the presence of thin layers at interfaces, the electric field intensity I ill (z, α) strongly depends on the electronic structure. For example, a thin film at the air/water interface changes the field intensity around the critical angle by more than 6%, if it has an electron density higher than that of water by 0.1 e Å −3 . 30 This highlights the need to precisely calculate the illumination profile in order to minimize the errors in estimating the concentration from Eq. (3).
The illumination profile I ill (z, α) can be determined by the matrix propagation technique 35 using a slabs model. The electron density of each slab is obtained from the X-ray reflectivity. The electric field intensity at depth z is |E
, where E + (z) and E − (z) are the forward and backward propagating waves with respect to the sample surface, respectively, and are expressed by the amplitudes E + j (z) and E − j (z) at the interface j as follows:
where k zj is the z-component of the wave vector at the interface j and j + 1, and d j is the thickness of layer j. Within the framework of the Abelé's matrix formalism 36 for stratified layers, the incident wave E + 0 (z), the reflected wave E − 0 (z), and the transmitted wave E + N+1 (z) after layer N can be divided into two parts,
Here, C j+1 is the propagation matrix expressed as
where t j and r j are the Fresnel transmission and reflection coefficients, respectively. Since the propagation matrix can be rewritten as
and hence 
The Levenberg-Marquardt nonlinear least squares optimization is used for the refinement of the experimental data.
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III. RESULTS AND DISCUSSION
A. XRR Figure 2 shows the XRR curve of the monolayer of SOPC doped with 5 mol% DOPE-biotin. The solid red line represents the best fit to the reflectivity. The inset displays the electron density profile perpendicular to the sample surface reconstructed from the fit. During the refinement of the reflectivity analysis, the electron density of the bulk buffer is set constant to ρ Buff = 0.336 e Å −3 . The parameters corresponding to the best fit results are summarized in Table I . The alkyl chain layer has a thickness of d A = 10.9 Å with rms roughness at the air/chain interface, σ air/A = 3.1 Å. The head group layer has a thickness of d H = 8.6 Å and the roughness at the head group/water interface is σ H/w = 3.4 Å. The obtained electron density of unsaturated and thus disordered hydrocarbon chain In fact, our results are in good agreement with the previous report on pure SOPC monolayers measured at π = 24 mN/m, 40 d A = 10.6 Å, and σ air/A = 3.3 Å for hydrocarbon chain, and d H = 8.7 Å and σ H/w = 3.6 Å for head group, respectively. Moreover, the total monolayer thickness we obtained (19.5 Å) also seems fully consistent with one half of the thickness of phospholipid bilayers, 19.5-19.8 Å. 41, 42 Furthermore, the number of electrons per one phospholipid molecule calculated from the parameters in Table I is 498 e, which is comparable with average calculated one of 445 e from the molecular formula of SOPC and DOPE-biotin.
The XRR curve 5 h after the injection of NA and the best fit result are presented in Fig. 3 , and the reconstructed electron density profile is given in the inset. As presented in the figure, the binding of NA to the membrane resulted in a significant change in the global shape of the XRR curve. It should be noted that the change in the global shape of reflectivity curves is not caused by the non-specific adsorption of NA to the interface, because: (1) in the absence of a lipid monolayer, the surface pressure of a NA solution remained zero, and (2) in the presence of a lipid monolayer doped with DOPE-biotin, the increase in the surface pressure after NA injection is less than 1 mN/m. This confirms that the amount of NA at the air/water interface is negligibly small in the absence of lipid monolayer. To evaluate the change in the membrane fine structure caused by the NA binding, the parameters of the lipid monolayer obtained from the fit prior to the protein injection (Table I) were used as starting values during the fitting. Constrains were made with reasonable margin (∼ ±1 Å) to detect the protein binding on the lipid monolayer. The parameters corresponding to the best fit results are summarized in Table I .
The thickness of the NA layer was found to be d NA = 47.8 Å perpendicular to the sample surface with a roughness σ NA/w = 7.4 Å at the NA/water interface. This value is reasonable, based on the value which was measured by X-ray crystallography for dry NA with d NA ∼ 40 Å. 43 The higher The volume fraction of the protein within the layer can roughly be estimated from the electron density of the protein layer: ρ tot = ρ dry NA φ + (1 − φ)ρ H 2 O . φ is the volume fraction of protein, ρ tot is the total electron density of the protein layer, ρ dry NA is the electron density of the dry protein with no hydration water, and ρ H 2 O is the electron density of water. The volume of the protein can be well estimated from its amino acid sequence by summing up the volume of individual amino acids, since the volume change upon folding is less than 0.5%. 44, 45 Taking the sequence from crystallographic data (PDB:1AVE), the volume of NA can be estimated to be around 69 300 Å 3 , which enables one to assume the electron density of dry protein to be ρ dry = 0.441 e Å −3 . This yields the volume fraction of NA φ = 50 % within the layer. The calculated volume fraction of NA is smaller than that of bacterial surface (S-layer) proteins that crystallize on lipid monolayer surfaces, φ ≥ 60 %. 39 Nevertheless, it should be noted that the volume fraction estimated from the reflectivity may be overestimated due to the large roughness of the protein/water interface. Figure 4(b) shows the GISAXS signal of the sample with NA surface after the background subtraction. The GISAXS intensity is given by the combination of the structure and form factor (gray lines in Fig. 4(b) ),
B. GISAXS
where A is a scale factor, F(q,D,H) is the form factor of NA which is approximated by a cylinder shape with a diameter D and height H. F(q,D,H) is calculated within the distorted wave Born approximation. 46, 47 S(q, D hs , η hs ) is the structure factor expressed by a two-dimensional PercusYevick function. 48 Within the framework of this model, a protein is described as a hard sphere with a diameter D hs = C × D, where C is constant. η hs is the volume fraction of the hard spheres and related to the volume fraction of NA molecules by φ = η hs /C 3 . Here, the protein "layer" is assumed sandwiched by two continua using a local monodispersive approximation. 22, 49 The parameters describe the layers were taken from the reflectivity results in Table I and fixed during the GISAXS modeling. The diameter of a cylindrical particle (NA) obtained from the GISAXS fit is D = 57 ± 1 Å, which shows good agreement with that obtained from dry NA crystals, D ∼ 53 Å. 43 Moreover, the height of a NA molecule Fig. 4(b) ].
57 ± 1 5 2 ± 2 0.085 74 Table II .
The peak position of the combined structure and form factors can be found at q y−p = 0.085 Å −1 , corresponding to an inter-particle distance of d = 74 Å. Revenant et al. 14 suggested that the exact mean inter-particle distance lies between this value and the one calculated directly from the peak position of the measured GISAXS signal (68 Å).
In the case of commonly studied inorganic nanoparticles, the width of the Bragg peak can be attributed to the polydispersity of the particles and/or to the structure factor. In our system, the width of the Bragg peak is dependant on the structure factor, as the size (and thus molecular weight) of the protein molecules is highly monodisperse. Therefore, the full width at half maximum δq y of the peak obtained from the subtraction of the GISAXS signal in the presence and absence of NA (in the inset of Fig. 4(a) ) can be used to calculate the correlation length ξ . This is the characteristic length scale over which the correlation between particles can reach and can be calculated using the Scherrer formula ξ = 2π /δq y . 50 The obtained value from the inset of Fig. 4(a) , ξ = 20 nm, suggests that the correlation between non-crystalline NA molecules can reach a distance that is about three times larger than the average intermolecular distance. Figure 5 shows the X-ray fluorescence spectra of the blank buffer (top) and the SOPC/DOPE-biotin after the NA binding (bottom). For each dataset, the fluorescence spectra measured below and above the critical angle α c = 0.125 found for the monolayer functionalized with NA: sulfur K α peak at 2.3 keV and phosphorus K α peak at 2.0 keV. The former signal is from the amino acid containing sulfur, while the latter is from phosphate head groups of lipids. The fluorescence contribution from S K α line was extracted using a multiple-Gaussian peak fitting routine with a self-written code For Igor Pro (WaveMetrics, Portland, OR). In the inset, the fluorescence intensities from S K α line are plotted as a function of q z . The open circles represent the signal from the blank buffer, while the solid circles represent the S K α signal from the membrane with NA. The global shape of the plot of S K α from the blank buffer is similar to the ones of K K α recorded from blank buffers. 27, 29 The normalization of the measured fluorescence intensity by the signal from the blank buffer enables one (1) to detect small changes in ion concentration near the interface, 27 (2) to gain a higher spatial resolution, 29 and (3) to eliminate undefined geometrical effects. Figure 6 represents the S K α fluorescence signal from the lipid monolayer with NA after the normalization by the intensity from the blank buffer (open circles). The intensity of S K α is remarkably higher than the bulk level below the critical edge (q c = 0.022Ǻ −1 ). A significantly higher intensity below the critical angle of incidence (4-6 times higher than the bulk level) implies the enrichment of sulfur near the air/water interface, which can be attributed to cysteine and methionine in NA. To model the fluorescence signal, we assumed an asymmetric Gaussian profile 29 for the sulfur distribution in NA attached to the head group of the lipids. Here, the concentration profile starts from the alkyl chains/head group interface, z = d A = 9.5Ǻ, which is determined by XRR. The bulk concentration was set constant to 5 mM, corresponding to the concentration of Hepes in the subphase. The variation of sulfur concentration near the interface (solid lines) results in a clear shift in the intensity below the critical edge q c = 0.022Ǻ −1 . The concentration profile corresponding to the best matching fit to the experimental results is presented in the inset of Fig. 6 . Integrating the concentration under the curve yields a lateral concentration of sulfur atoms of (4. 2 yields an intermolecular distance of 86.5 ± 2Ǻ. This value is in a good agreement with the interparticle separation calculated from the GISAXS analysis, 68-74 Å.
C. GIXF
IV. CONCLUSIONS
In biological systems, densely packed layers of noncrystalline, membrane-anchored proteins, such as the variant surface glycoprotein of Trypanosoma brucei, cover the surface of several organisms and play key roles in the survival of organisms against immune attack. In this study, we functionalized the surface of phospholipid membranes with neutravidin as a simple and well-defined physical model of the membrane surface coated with a dense layer of noncrystalline proteins coupled to lipid head groups. In the first step, we determined the fine structures perpendicular to the membrane surface using XRR, and obtained the thickness and electron density of the protein layer, d NA = 47.8 Å and ρ dry = 0.388 e Å −3 , respectively The lateral correlation of noncrystalline proteins on the membrane surface was quantitatively determined for the first time by the calculation of form and structure factors from the GISAXS signals by utilizing the distorted wave Born approximation and two-dimensional Percus-Yevick function, yielding an interparticle separation of 68-74 Å. The calculated correlation length, ξ = 20 nm, implies that the lateral correlation of proteins can reach up to the third nearest neighbor. Taking the framework of Abelé's matrix formalism, the surface density of the neutravidin protein could be determined by the quantitative analysis of the sulfur peak obtained by GIXF. The lateral density of NA is (2.2 ± 0.2) × 10 −12 mole/cm 2 which is obtained from the GIXF analysis shows good agreement with the characteristic distance calculated from the GISAXS, suggesting that the combination of XRR, GISAXS, and GIXF is a powerful tool not only to determine the fine structures of membrane anchored proteins perpendicular and parallel to the surface but also to evaluate the strength of the correlation between proteins on the membrane surface. 
